In this study, three distinct preparative routes to nanocrystalline (nc) CoOOH yielding compositionally and structurally specifiable materials, which are all closely related to clean CoOOH are presented. Simple precipitation-oxidation and oxidation-precipitation routes using atmospheric oxygen or Br 2 dissolved in an aqueous solution of NaOH as an oxidising agent lead to the various products. The purified solids were characterised by means of X-ray powder diffraction (XRPD), chemical, thermal and thermogravimetric analyses, magnetic measurements, and, based on synchrotron data, by means of pair distribution function (PDF) analyses. The chosen routes led to nanocrystalline materials differing in the mean size of the coherently scattering domains (7 nm and 24 nm), in the lattice parameter c, in the relative amount of released mass in the course of conversion into cobalt oxide spinel and the residual relative amount of non-oxidised Co(II). The incomplete oxidation of Co(II) is associated with a molar ratio n H /n O 4 0.5 that is found to be the origin of stacking fault disorder in the materials. Possible models of disorder were derived from structural considerations and tested by DIFFaX simulations. A recursive routing for refining the microstructure by global and local optimisation of the measured powder patterns was applied to each sample. Crystal intergrowth of the (AcB)(BaC)(CbA) stacking pattern of clean CoOOH and that of (AcB)(AcB) brucite type Co(OH) 2 was identified as a main feature of the microstructures of the three diverse CoOOH-type samples. PDF analyses corroborate the derived microstructural models.
Introduction
CoOOH, a mineral named heterogenite, 1 is a multifunctional material used, e.g., as a catalyst, 2 CO sensor, 3 precursor for electrode materials in energy storage 4, 5 and other cobalt oxides, 4 and high performance supercapacitor, 6 and is considered as a promising catalyst for electrochemically supported oxidation of water. 7, 8 The development of detailed recipes for the synthesis of inorganic materials with useful morphologies is of significant interest in materials science and industry. It is well known, that the way, in which the nanomaterial of interest is prepared, has a crucial impact on its exploitable properties. These usually depend sensitively upon many factors, such as: the precise chemical composition, the crystal structure and microstructure features, the degree of crystalline order, the defect chemistry, the shape of the particles, the size and size distribution of the particles, and the porosity of the material. 3 For the production of CoOOH as well as chemically and structurally closely related materials various synthetic approaches have been reported, e.g., oxidation of freshly precipitated Co(OH) 2 in alkaline, aqueous medium with H 2 O 2 3 or atmospheric oxygen, 9 oxidation of Co(OH) 2 through hydrothermal treatment 13 or electrochemically via anodic oxidation of elemental Co. 13 Plenty of applications and promising tests of heterogenite materials have stimulated intense research activities recently. Several X-ray powder diffraction (XRPD) patterns of materials denoted as CoOOH have been published, exhibiting vast differences from the expected pattern of well-ordered NaHF 2 -type CoOOH 9 (also denoted as 3R-type heterogenite, see Fig. 1 , is juxtaposed to a hydroxide ion of the adjacent layer, which results in strong linear, asymmetric hydrogen-bonds (d(O-HÁ Á ÁO) = 2.50 Å). Therefore, the AABBCC anion stacking pattern is favoured by attractive interlayer anion interaction mediated by H-bonds. A poorly characterised 2H polytype with a reported composition of CoO 1.7 (OH) 0.3 is also known. 10 The structure of this polytype is depicted in Fig. 1 , right. 2H CoOOH crystallizes in a hexagonal lattice of space group P6 3 /mmc with lattice parameters of a = 2.855 Å and c = 8.805 Å. 1, 11 The CoO 6 -octahedra layers are stacked in a (CaB)(BaC) sequence with each layer indicated by brackets. In Fig. 1 the structures of the two polymorphs are compared to that of brucite-type Co(OH) 2 12 ( Fig. 1, left) . Note that only the structures of the CoOOH polymorphs afford strong hydrogen bonding. The XRPD patterns of CoOOH-related materials frequently diverge significantly from that of structurally perfect ordered CoOOH. Characteristic features of disorder are indicated by slightly displaced Bragg positions of some reflections, symmetryincompatible splitting of the (101) reflection, asymmetrical reflection broadening, e.g.: (015), even disappearance of reflections, e.g.: (107). These diffraction phenomena have not been completely understood yet. Various authors have already identified the compositional variability of CoOOH materials by shifts of the c lattice parameter. 3, [14] [15] [16] There are also studies addressing the structural disorder: Petzold et al., e.g., reported on very small particles with a CoOOH-related structure that contain additional water molecules and exhibit noticeable lattice distortion. 17 Later on, Penn et al. investigated the faulting-induced broadening and shifting of reflections of the (10l) zone associated with the use of specific oxidising agents. 18, 19 In the present study, we investigated the impact of the synthesis route to nc CoOOH on the relevant characteristics of the heterogenite materials by using three different preparation approaches. Thereby, focus is put on the variation of the size of the coherently diffracting domains, composition, reactivity, and structural disorder. The microstructures of the synthesised materials were investigated in detail by application of a recently published algorithm enabling a recursive global and local optimisation of powder patterns. 20 DIFFaX simulations as well as pair distribution function (PDF) analyses were employed as complementary tools for the microstructural characterisation.
Experimental section
Syntheses Nanocrystalline (nc) CoOOH samples were prepared from aqueous solutions of cobalt(II) acetate, NaOH and an oxidising agent. Either atmospheric oxygen or the disproportionation product of Br 2 dissolved in aqueous NaOH was used for oxidation of Co(II).
Further variation in the procedure concerned the sequence of precipitation and oxidation of Co(II). The first synthesis route is schematically described by eqn (1) and (2) implying that Co(OH) 2 suspended in the alkaline solution, was subsequently oxidised by atmospheric oxygen.
In detail, 2 g (8 mmol) of Co(CH 3 COO À ) 2 Á4H 2 O (Alfa Aesar 98%) were dissolved in 85 mL distilled water. 15 mL of 2 M (30 mmol) NaOH (AppliChem 99%) were added rapidly to the pink solution forming a brownish orange precipitate of Co(OH) 2 . Subsequently, the suspended precipitate was oxidised with atmospheric oxygen under stirring for 24 h at room temperature and finally heated up to 100 1C for 90 h in order to improve the degree of crystallinity. The dark brown precipitate was centrifuged, twice resuspended in distilled water and centrifuged. The product named CoOOH-O 2 was dried at 60 1C.
The second method deviates from the first one in the use of the disproportionation product of Br 2 dissolved in an aqueous solution of NaOH as an oxidising agent. Eqn (3) captures the essence of the change in the procedure.
In contrast to the first approach, 0.38 mL of (15 mmol) Br 2 were added to the same amount of freshly precipitated Co(OH) 2 . The mixture was stirred for 24 h at room temperature before the precipitate was purified as described above. This product is denoted as CoOOH-Br 2 . The third procedure departs from the second one in so far as the Br 2 was added to the aqueous solution of NaOH prior to its combination with the solution of cobalt acetate. Hence, oxidation and precipitation can occur simultaneously. Reaction equation (4) . The heating rate was 10 K min
À1
.
Density measurements
Density measurements were performed using a gas pycnometer AccuPyc II 1340 (Micromeritics). The powder was placed in an insert (V E 0.1 cm 3 ) and purged with helium for 20 cycles prior to the measurements. Ten cycles were applied for each measurement with a sensitivity of 25 Pa min
À1
Elementary analysis
CHN analyses were done by combustion using a Vario Micro Cube instrument (Elementar). The O content was measured employing a rapid OXI CUBE system of the same company. The Co content was determined by means of microwave plasma atomic emission spectrometry using a 4200 MP AES (Agilent). Br, if present, was identified by means of X-ray fluorescence spectrometry employing a Tornado M4 m-XRF analyser (Bruker) .
Laboratory X-ray powder diffraction experiments X-ray powder diffraction (XRPD) patterns of the CoOOH samples were measured at room temperature using an X'Pert Pro PW 3064/ 60 diffractometer (PANalytical) operating in Bragg-Brentano geometry with Co-Ka radiation. The scans covered 15-951 with a step size of 0.0261 in 2y. The diffracted X-rays were recorded using a PIXel detector. A plate cut from a single crystal of silicon served as a sample holder which rotated during measurement. Rietveld refinements were carried out employing the X'Pert HighScore Plus software. Details concerning the calculations are given in Table S1 (ESI †).
SQUID measurements
Magnetic measurements were done using a SQUID magnetometer MPMS (Quantum Design). The magnetisation was recorded at a magnetic field strength of 5000 Oe in the temperature range 5-350 K. The sample was placed in a gelatin capsule fixed in a straw serving as a sample holder. The diamagnetic contribution of the sample holder was determined prior to the measurements of the sample and considered in the data evaluation.
Synchrotron X-ray powder diffraction experiments
Synchrotron X-ray total scattering patterns of the samples were recorded in Debye-Scherrer mode at the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory, at a wavelength of l = 0.1839 Å (67.42 keV) on beamline X17B1 equipped with a Si(311) sagittal focusing double Laue crystal monochromator. Diffracted X-rays were detected using a Perkin Pair distribution function analyses PDFGETX2 24 was used to correct and normalize the diffraction data and the Fourier transform in order to obtain the experimental PDF, G(r). The Q range used in the Fourier transform was limited to 30 Å À1 . Nickel was previously measured as a standard material to determine the Q-damp and Q-broad parameters which are the parameters that correct the PDF envelope function for instrumental resolution effects. 25, 26 For structural modeling PDFGui 26 was used. Atomic positions of the compounds under investigation were taken from the corresponding CIF 9 files of structural data for the ordered crystal structure as in the literature and the supercell structures obtained by the method presented here. However, certain parameters were adjusted to improve the agreement. These were scale factor, Q-damp, Q-broad, the two trigonal lattice parameters and an overall isotropic displacement parameter.
Results and discussion

Chemical and thermogravimetric analyses
The composition of the samples was derived from thermal analyses, ultimate analyses and density measurements. The TGA and DSC curves of the as-prepared CoOOH samples are shown in Fig. 2 . The entropically driven, endothermic conversion of clean CoOOH into Co 3 O 4 spinel according to eqn (5) is accompanied by 12.7% mass loss. 
The measured mass losses (Table 1 ) are close to the expected values, though all samples show an additional mass loss, i.e. excess mass, prior to decomposition into spinel (Fig. 2 ). The sample with the largest domains CoOOH-O 2 exhibits the lowest excess mass and CoOOH-BrO 3 À , which is the most structurally disordered material with a medium domain size shows the highest excess mass. The relationship between excess mass and structural disorder is analogous to the relation between structural disorder and: the deviation of the measured c lattice parameter to the reported unit cell lengths of well-ordered 3R CoOOH (Table 4) , the deviation of the measured to expected density and the deviation of the measured to the calculated Co content (Table 2 ). In contrast, the transformation temperature T trans of the CoOOH materials into spinel correlates sensitively and inversely with the domain size: the T trans of CoOOH-Br 2 , the material with the smallest mean domain size, is more than 50 1C lower than the T trans of CoOOH-O 2 , the material with the largest domains. The DSC curves depicted in Fig. 2 show that the temperature of transformation into spinel phase is almost independent of the degree of structural disorder of the materials. As shown below, the relative amount of excess mass is in agreement with the elemental composition (Table 2 ) of the sample and it is directly related to the degree of disorder of the various heterogenite materials.
Laboratory X-ray powder diffraction
The XRPD patterns of the as-prepared samples are shown in Fig. 3 . The intensity profiles were fitted by Rietveld refinements based on the reported structural data for the 3R modification. 9 The applied refinement procedure is listed in Table S1 (ESI †), selected data of the refinement are listed in Table 3 . Depending on the method of synthesis, distinguishable XRD patterns (Fig. 4) were obtained exhibiting different anomalous intensity profiles for some reflections indicative of various disorder phenomena. Despite peak broadening, the diffraction patterns of the synthesized phases are almost identical to the pattern of the structurally ordered 3R polytype. The mean size of the coherently scattering domains of the particles was calculated from the full width at half maximum (FWHM) of the (003) and (110) reflections by applying Scherrer's equation and assuming that the FWHM of these two reflections is not significantly affected by disorder and strain. The mean domain size of the particles, the lattice parameters and aspect ratios of the samples' nc single domains are listed in Table 4 . The c lattice parameter varies significantly by B0.3 Å. Compared to this variance, the divergence of the a parameters is marginal. These results and the observed reflection broadening suggest a stacking fault disorder of the CoO 6 -octahedra layers perpendicular to the c axis. Moreover, the degree of structural disorder apparently depends on the oxidation procedure of Co(II). Oxidation using BrO 3 À (Fig. 3 , red trace) and subsequent hydrothermal treatment at 90 1C for 24 h yields particles with coherently scattering domains that have a diameter of 13 nm. This sample exhibits an unusually small c lattice parameter of 13.054 Å. The bromate route yields the structurally most disordered materials. The indicators of disorder are a shift of the (101) and (104) reflections towards lower 2Y values, abnormal FWMH of the (105) and disappearance of the (107) reflections (Fig. 4, bottom) . In addition, this synthesis approach leads to form-isotropic, coherently scattering domains as in the case of the CoOOH-Br 2 route. The mean domain size of the particles obtained by the latter procedure is significantly smaller (7 nm). The most eye-catching difference between the products obtained by the bromine and bromate routes is the huge divergence of the c lattice parameter, 13.054 vs. 13.312 Å.
The third precipitation route leads to the material denoted as CoOOH-O 2 with a c lattice parameter close to the expectance value of structurally well-ordered 3R CoOOH (13.15 Å 9 ). The aspect ratio of the domains of the CoOOH-O 2 material differs severely from form-isotropy (Table 4) . A shift of the (101) reflection and a symmetry-forbidden reflection showing up as a shoulder at smaller angles point to structural disorder. The XRPD patterns of all synthesised samples and the Rietveld profile fits using the crystal structure of the 3R modification as the starting model, 9 are shown in Fig. 4 
SQUID measurements
To the best of our knowledge, the magnetic properties of CoOOH have not been reported yet. As known for Co 3 O 4 , Co(III) prefers a t 6 2g low spin configuration in an octahedral ligand field of O atoms. 27 Thus, diamagnetic properties can be conjectured for clean CoOOH. The measured data at a magnetic field of 5 kOe are shown as plots of reciprocal susceptibility versus temperature (5-350 K) for the three variably prepared heterogenite materials (Fig. 5) . The data were fitted consistently assuming Curie-Weiss-type characteristics modified by an additional temperature-independent paramagnetic term w tip . The resulting effective magnetic moments, the w tip terms, and the Curie-Weiss temperatures Y CW are listed in Table 5 for the three materials. The effective moments vary between 0.4 and 1.1 m B . 
Description of stacking faulting-induced diffraction effects
Synchrotron X-ray powder diffraction. The X-ray powder diffraction patterns of CoOOH-O 2 (Fig. 6, black line) and CoOOH-Br 2 (Fig. 6 , blue line) of CoOOH are fairly similar if the slight broadening of the reflections of CoOOH-Br 2 due to a smaller domain size is neglected. CoOOH-BrO 3 À , however, exhibits most pronounced differences in the diffraction pattern (Fig. 6, red line) . Various non-(00l) reflections show vast anisotropic broadening, e.g.: (012) 4.61 2y, (104) 5.11 2y, (015) 5.81 2y, (107) 7.01 2y, (024) 8.61 2y, (122) 11.41 2y, whereas the (003) reflection (2.41 2y) exhibits a sharp peak shape. In addition, there is a shift of the (104) reflection (5.11 2y) towards lower diffraction angles that causes an overlap with the broadened (012) reflection (4.61 2y). LeBail fits 29 of the reflection profiles and the lattice parameters of CoOOH, as given in the literature, 9 did not yield a good fit of the diffraction pattern (Fig. 7a ), but using a c-extended supercell (c 0 = 4-8c) did. As CoOOH-BrO 3 À was determined to be close in composition to CoOOH with only some O and H in excess and Co in deficit in trend with CoOOH-O 2 and CoOOH-Br 2 , these effects on the diffraction patterns are taken as an indication of the presence of stacking faults in the crystal structure of CoOOH-BrO 3
À
. In addition, the LeBail fits as well as the structure refinement of the powder patterns of CoOOH-O 2 and CoOOH-Br 2 failed in the proper modelling of distinct non-(00l) reflections as, e.g., (104) 5.11 2y and (107) 7.01 2y, too. Therefore, CoOOH-O 2 and CoOOH-Br 2 are also expected to exhibit structural faults, but on a lower scale than CoOOHBrO 3 À .
Structural considerations. In the (AcB)(BaC)(CbA) stacking pattern, apparent in structurally ordered 3R CoOOH (Fig. 1,  middle) , anions of adjacent layers directly oppose each other. Therefore, the interlayer anion interactions (O-HÁ Á ÁO) are energetically optimised by interjacent hydrogen bonds. Strong hydrogen-bonding is also achieved by the (AcB)(BcA) stacking sequence of CoO 1.7 (OH) 0.3 ( Fig. 1, right) . 10 There are several possible stacking faults: (i) one possibility is an (AcB)(BcA) stacking sequence of the 2H modification.
(ii) If the interlayer anions are not attracted strongly enough by hydrogen bonds a change in the stacking sequence of brucite-type Co(OH) 2 (CdI 2 , C6-type) (OH-HO dipole interaction) 12 may occur, a larger distance between opposing anions will reduce repulsion. This is achieved by an (AcB)(AcB) stacking pattern (Fig. 1, left) .
(iii) An (AcB)(CbA)(BaC) stacking sequence (CdCl 2 , C19-type) leads to a similar effect. Shifts among these four stacking modes may occur as faults in the crystal structure of CoOOH for the following reasons:
(i) the distribution of hydroxide and oxide ions among the anion sublattice is anisotropic.
(ii) There is an excess of hydroxide in the crystal structure caused by incomplete oxidation of Co(II) in the course of the synthesis.
(iii) Water replaces hydroxide/oxide due to the incorporation of Co(II) into the crystal structure. In addition, small, random displacements of the layers from their ideal positions, (AcB), (BaC) or (CbA), are expected, i.e., turbostratic like effects, especially in sections exhibiting an excess of hydroxide ions or water.
DIFFaX simulations. Simulations of the XRPD patterns of CoOOH were performed by the DIFFaX routine 30 in recursion mode using the reported cell parameters and atomic coordinates 9 to illustrate the impact of stacking faults. A set of transition probabilities P ij and stacking vectors S ij (Table 6) for transitions among the considered basic stacking patterns: (AcB)(BaC)(CbA) ''R% 3m-type'', (AcB)(AcB) ''C6-type''(brucite type), (CbA)(BaC)-(AcB) ''C19-type'' and (AcB)(BcA) ''2H-type'' was defined and used in the DIFFaX simulations. The impact of C6-type faults on the powder pattern of CoOOH was studied systematically by an iterative increase both of the probability of a shift from (AcB)(BaC)(CbA) to (AcB)(AcB) type stacking and the continuation of an (AcB)(AcB) type stacking (Fig. 8 ). An increase of the amount of stacking faults in the simulated pattern leads to a broadening of the non-(00l) reflections. In addition, the (012) 4.61 2y, (015) 5.81 2y and (113) 7.81 2y reflections exhibit an upshift and the (104) 5.11 2y and (107), 7.01 2y reflections a downshift of the diffraction angle.
Analogous simulations using shifts to the C19-type stacking pattern reveal a contrary effect on the diffraction pattern (Fig. S1a, ESI †) . The increasing number of faults also leads to peak broadening, but the observed peak shift is reversed.
Shifts to 2H-type stacking lead to an upshift of the (107) 7.01 2y and (113) 7.81 2y reflections and to a downshift of the (101) 4.31 2y, (012) 4.61 2y, (104) 5.11 2y and (015) 5.81 2y reflections (Fig. S1b, ESI †) .
The LeBail fits (Fig. 7) to the XRDP patterns CoOOH-BrO 3 À and CoOOH-O 2 revealed peak shifting and anisotropic broadening apparent in the measured patterns. The measured peak shifts with respect to the calculated peak positions that were derived from the crystal structure of pure CoOOH 9 are listed in Table 7 . A comparison with the calculated shifts caused by distinct faults reveals that C6-type stacking faulting describes all observed peak shifts very well. Both C19-and 2H-type faults lead to inappropriate shifting and broadening of the (012), (015) and (107) . CoOOH-O 2 was used for testing the effect of an iterative enlargement of the supercell on both, the result of the refinement and the resulting microstructural model. Therefore, three supercells S of CoOOH were defined:
for each cell with c 0 = c for P1, c 0 = 4c (12 layers) for S1, Fig. 8 Simulated XRPD-patterns of CoOOH containing variable probabilities (Table 1) for transitions between (AcB)(BaC)(CbA) and (AcB)(AcB)-stacking patterns. 
In each approach, the layers were treated as rigid bodies. Accordingly, identical Co-O distances and interlayer spacings, i.e., the z-component of the stacking vectors, were attributed to each layer. These parameters were derived by Ibers et al. 9 and not subjected to free, unconstrained refinement. Applying a comparatively small supercell (S1, 12 layers) leads to a good fit to the XPRD pattern (Fig. S2 , ESI †) and acceptable agreement values (Table 4) . A further enlargement of the supercell in the c direction (S2, 18 layers) yields improvements in the fit of the XRPD pattern (Fig. S3 , ESI †) and improved final agreement values. Further extension of the supercell (S3, 24 layers) does not exhibit additional improvement, neither with respect to the fit (Fig. 9a) nor with respect to the final agreement factors. Nevertheless, for the determination and refinement of the microstructure of CoOOH-Br 2 and CoOOH-BrO 3 À an even more extended supercell (S3, 24 layers) was applied to ensure a sufficient confidence level of the recursion algorithm. This leads to good fits of the XRPD patterns and acceptable agreement factors for CoOOH-Br 2 ( Fig. 9b) and CoOOH-BrO 3 À (Fig. 9c) , as well (Table 8 ).
Microstructural models of CoOOH. Microstructural models for the samples CoOOH-O 2 , CoOOH-Br 2 and CoOOH-BrO 3 À of
CoOOH were obtained by conversion of the stacking vectors, after applying the method for microstructure determination and refinement, as described in ref. 20 . The results of the determination of the microstructure of CoOOH-O 2 are independent of the extension of the supercell used ( Table 9 ). The R% 3m-type stacking of CoOOH is interrupted by few C6-and C19-type faults. C6-faults are clearly the dominant type of faults within the (AcB)(BaC)(CbA) stacking pattern. The scattering of the stacking vector and hence, the ratio of small, random, turbostratic-like shifts in the stacking pattern of CoOOH-O 2 is small. The stacking of CoOOH-Br 2 shows less regular faults (Table 9) , i.e., shifts from one basic stacking pattern to another, than that of CoOOH-O 2 . Yet, the ratio of small random shifts in the stacking pattern is considerably higher. C19-faults are completely absent in the microstructure of CoOOH-Br 2 . The results for CoOOH-Br 2 are contrary to the findings of the elementary analysis and magnetic measurements. Because of the small particle size, broad reflections with severe overlap are found, preventing unambiguous fitting. The microstructure of CoOOH-BrO 3 À exhibits the highest amount of faults. The (AcB)(BaC) (CbA) type base stacking is interjected by many, small (AcB)(AcB)-type stacked sections (Table 9 ). In addition, a few C19-faults are also apparent in the microstructure, but C6-faults are clearly predominant. This confirms our previous assumptions based on DIFFaX simulations. The impact of small random shifts on the stacking pattern is restricted, as well. PDF analysis. PDF analyses using the programs PDFgetX3 and PDFgui 26 were performed using synchrotron data from beamline X17 (NSLS) of each sample. All atomic and lattice parameters were kept fixed. Both the structural data of CoOOH using the original unit cell given in the literature 9 (3 layers) and the resulting structural data of the application of the method for determination and refinement of microstructures 20 using an 8c supercell (S3, 24 layers) were used for the calculation of the PDF pattern. The impact of stacking faults is expected to be most pronounced in the long distance regions of the PDF pattern. Since the constitution of each layer is, if at all, hardly affected by stacking faults, the intra-layer interatomic distances are not expected to show noticeable deviation from the faultless structure. The relative layer positions, however, are shifted by stacking faults. Hence, the deviation of interlayer interatomic distances from the faultless structure should be clearly visible.
As CoOOH-O 2 and CoOOH-Br 2 exhibit very similar microstructural features (Table 9 ), the PDF analysis was limited to CoOOH-O 2 and CoOOH-BrO 3 À .
CoOOH-O 2 exhibits few faults in the crystal structure (Table 9) . Thus, the calculated PDF pattern based on the reported structural and the original unit cells comprises a good model of the measured data (Fig. 10, top) . Applying the structural data obtained from the method for determination and refinement of microstructures using an 8c (24 layers) supercell does not affect the calculated pattern for distances o15 Å (Fig. 10, bottom) . The calculated data for distances 415 Å, however, show a slightly better agreement with the measured data. Therefore, the structural model using a c extended supercell and including faults in the stacking pattern of the 3R polymorph leads to an enhanced description of the real crystal structure of CoOOH-O 2 .
The crystal structure of CoOOH-BrO 3 À is vastly faulted (Table 9) . Hence, the fit of the measured PDF data using the original unit cell is quite poor, especially in the range of large distances (410 Å) (Fig. 11, top) . Using structural data from the 8c supercell leads to an enormous improvement of the fit (Fig. 11, bottom) . The match between the calculated and measured PDF curves in the range of r 4 10 Å is almost perfect. Thus, the microstructural model of CoOOH-BrO 3 À obtained by the method for determination and refinement of microstructures describes essential features of disorder of its crystal structure. Synopsis of microstructural models, PDF analyses and DIFFaX simulations. The partial replacement of oxygen by hydroxide or water in the crystal structure of CoOOH materials should lead to a modulation of the Co-O distances. The applied global optimisation and refinement of microstructures, 20 however, treats all layers as rigid bodies. No modulation of the Co-O distances is considered. As a consequence and due to the limited extension of the supercells and the treatment of the turbostratic-like disorder, the obtained microstructural models are only approximations of the real microstructures that have to be considered very carefully. Nonetheless, as the calculated Table 9 Distribution of layer to layer transitions in the superstructures of samples CoOOH-O 2 , CoOOH-Br 2 and CoOOH-BrO 3 À obtained by the simulated annealing runs. The corresponding fits are shown in Fig. S1 and S2 (ESI) and Fig. 9 No. of transitions (rel. frequency) diffraction patterns are in good accordance with the measured data ( Fig. 9 ) and DIFFaX simulations (Fig. 8) , it can be assumed that the approximations map the microstructure realistically. Complementary PDF analyses (Fig. 11 ) corroborate this assumption. Reflection broadening caused by the small crystallite sizes can correlate with the broadening induced by turbostratic-like defects, thus, the scattering of the stacking vectors should not be over-interpreted. Yet, the microstructural model of CoOOH-Br 2 seems to be contrary to the chemical and thermal analyses and the magnetic measurements. Due to the smallest domain size of CoOOH-Br 2 ( Table 2 ) the correlation of turbostratic-like disorder and domain size to reflection broadening is most pronounced among the CoOOH materials discussed here. Broadening affects all reflections in the XRPD pattern of CoOOH-Br 2 (Fig. 6 , blue line) almost equally, whereas the (104), (107), (024) and (015) reflections of the CoOOH-BrO 3 À pattern are much more broadened (Fig. 6, red line), despite the larger coherently scattering domain size of the particles of this sample (Table 2 ). This confirms that the structure of CoOOH-BrO 3 À is significantly more faulted than that of CoOOH-Br 2 . Due to the low crystalline size of CoOOHBr 2 this sample is expected to have the largest specific surface. Hence, chemically and physically adsorbed water as well as surface defects may most significantly affect the chemical composition, thermal properties, and the temperature of transformation into spinel.
Conclusions
By varying the oxidation agent and the sequence of precipitation and oxidation of cobalt(II) acetate in alkaline solution, different CoOOH materials varying in composition and degree of structural disorder have been produced. The modifications in synthesis have an impact on the mean size of the coherently scattering domains of the nanoparticles and the material's morphology. Detailed characterisation of the materials obtained by the three synthesis approaches revealed an incomplete oxidation of Co(II). In consequence an excess of water molecules, respective hydroxide ions in relation to the ideal composition CoOOH is incorporated into the structure of the heterogenite material, to maintain charge balance. This has a direct impact on the solid phase properties and the microstructure. All synthesised samples exhibit a different degree of stacking fault disorder. Within the (AcB)(BaC)(CbA) stacking pattern of well-ordered CoOOH (3R), three types of defects were identified from structural considerations: (AcB)(AcB)-(brucite like, C6), (AcB)(CbA)(BaC)-(C19) and (AcB)(BcA)-type (2H) stacking of atomic layers. By applying a recursive routine for global and local optimisation of X-ray powder diffraction patterns, faults in the stacking order of the CoOOH materials were detected almost exclusively as brucite-like (AcB)(AcB)-stacked layers. These results are supported by DiFFaX simulations and PDF analyses. In particular, the comparison of the higher radial distances of the PDF allows for a precise discrimination between different superstructure models. The results show, that subjecting the PDF data as is or in combination with the XRPD pattern to global optimisation, allows for successful determination of disordered superstructures depending on the applied weighting scheme. 
